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Abstract: To achieve simultaneous wavelength conversion and amplitude modulation, we electro-optically modulated a
dispersion lithium niobate section in two PPLN sections for a linear-cascaded configuration and a folding-crystal configuration.
The performance is compared with an electrode-coated asymmetric-duty-cycle PPLN amplitude modulator.
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1. Introduction
Nonlinear frequency conversion, producing tunable laser wavelengths, is very useful in a wide range of applications.
In laser applications, signal modulation is frequently required for sensitive detection and information transmission.
Most modulation schemes are applied externally to a light source. In this paper, we demonstrate three novel,
compact, internal optical modulators that perform simultaneous amplitude modulation and frequency conversion on
a monolithic nonlinear crystal. The first two devices consist of three segments with an electrode-coated dispersion
section between two symmetric QPM sections, as shown in Figs. 1.a and 1.b. The third device is an electrode coated
quasi-phase-matched (QPM) [1] crystal having an asymmetric domain duty cycle.
2. Three-segment Device
Without losing generality, we analyze the case associated for quasi-phase-matched second harmonic generation
(SHG). To apply this technique to other phase-sensitive nonlinear frequency conversions, one may simply follow the
same derivation. Throughout this paper, we label the quantities of the fundamental wave with the subscript ω and
those of the SHG wave with the subscript ω2 , where ω is the angular frequency of the fundamental wave. The
QPM crystals were periodically poled lithium niobate (PPLN) [2] with a thickness of 0.5 mm.
In Fig. 1.a, the nonlinear crystal consists of three sections, including an unpoled dispersion section of length ld
sandwiched between two PPLN sections of lengths l1 and l2. The two PPLN sections have the same grating period Λ
Fig. 1. (a) A 50 mm × 7.5 mm × 0.5 mm frequency converter and amplitude modulator consisting of linear cascaded PPLN, LN,
and PPLN sections. (b) The high-efficiency multi-pass frequency converter and amplitude modulator consisting of two
monolithically fabricated PPLN regions and an electrode-coated dispersion region.
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20.25 µm for performing third-order SHG with 1064-nm fundamental wavelength at 70°C. The SHG field
generated from the first PPLN section, 1,2ωE , interferes with that generated from the second PPLN section, 2,2ωE ,
with an interference phase defined by the dispersion section.The SHG intensity for the device in Fig. 1.a is given by
( )2 22 2 ,1 2 ,2 2 ,1 2 ,2 0 2 ,1 2 ,2 2 ,1 2 ,2 02 cos 4 cos ( 2)d dI I I I I k l I I I I k lω ω ω ω ω ω ω ω ω= + + ∆ = − + ∆ , (1)
where 2or1,2ωI is the intensity generated from the first or the second PPLN section respectively when the two PPLN
sections are completely separated, and
ωω kkk 220 −=∆ is the wave vector mismatch in the dispersion section. When
the length of the dispersion section ld is varied, the SHG intensity has a period of 0/2 k∆π , or twice the coherence
length 0/ klc ∆= π . To achieve linear modulation by varying ld, we assigned the second PPLN section the same
grating period as the first one, but allowed the grating vector in the second PPLN section to rotate a 5.4-mrad angle
with respect to that in the first PPLN section.
Figure 1.b shows the high-efficiency double-pass QPM crystal. Conceptually, the double-pass configuration
can be obtained by folding the linear cascaded crystal in Fig. 1.a at the center of the dispersion section, except that in
the calculation one has to take into account the phase shift accumulated from the two total internal reflections. In
this analogy, l1 = l2 = l is the length of the PPLN and 121 dddd llll ++= is the distance that the mixing waves travel
in the dispersion region. Therefore, the SHG intensity expression at the output is the same as Eq. (1) with the TIR
phase-shift added to the argument of the cosine term. We also fabricated the PPLN so that the grating vectors seen
by the forward and the backward waves form ±2.7 mrad angles with respect to the z direction. With this design, ld
varies two coherence lengths whenever the pump beam is translated laterally by 2.5 mm.
The dynamic phase control, giving rise to the amplitude variation at the SHG output, can be achieved by
applying an electric field to the dispersion section. To see this, we expand the phase mismatch in Eq. (1) as
ωωω λπφ 220 )(2 dd lnnlk −=∆≡∆ , where n is the refractive index and λ is the wavelength. In a PPLN crystal, the
fundamental and SHG waves are polarized in the crystallographic c axis, seeingg extraordinary refractive indices
en ,ω and en ,2ω , respectively. If a voltage V along the c axis is applied to the dispersion section of such a QPM crystal,
the phase term φ∆ can be recast into the expression 0 ( / )V Vπφ φ π∆ = ∆ − , where 0φ∆ is the phase mismatch in the
absence of the electric field, and
πV is the half-wave voltage given by [3]
)( 3
,,33
3
,22,33
2
eed nrnrl
dV
ωωωω
ω
π
λ
−
= , (2)
where r is the Pockels coefficient and d is the separation distance of the electrodes.
In our experiment, the pump laser was a 4-mW diode-pumped Nd:YVO4 microchip laser. Figure 2.a shows the
SHG power versus the transverse distance x, indicating a periodicity of 2.5 mm as expected from our design. Figure
2.b shows the SHG power versus the applied voltage in the dispersion section, indicating a half-wave voltage of 360
volts. The experimental result for the device in Fig. 1.a was very similar to that shown in Fig. 2.
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Fig. 2. (a) The SHG power versus the transverse distance x, indicating a periodicity of 2.5 mm as expected from our design. (b)
The SHG power versus the applied voltage in the dispersion section, indicating a half-wave voltage of 360 volts.
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3. Asymmetric-duty-cycle Device
We also fabricated a 4.5-cm PPLN with a grating period of 20.25 µm. The domain duty cycle, measured under a
microscope, was 56% or 44%. The +z and −z surfaces of the PPLN were fully coated with metal electrodes. The
total SHG field is the coherence sum of the SHG fields from the N crystal periods over the whole PPLL length.
After summing all the SHG fields, one obtains the expression for the SHG intensity
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where D is the domain duty cycle, L is the length of the PPLN, and Ps is the SHG power from a single PPLN period.
The wave vector mismatch with an applied voltage V is given by ( )3 30 33,2 2 33,
2
2 / 2 / 2 Vk k r n r n
dω ω ω ωω
π
λ±∆ = ∆ ± −
,
where the ± signs indicate the two opposite domain directions. It is evident from Eq. (4) that for a 50% duty cycle
the SHG power is independent of the applied voltage and amplitude modulation in the device is unfeasible.
According to Eq. (3), the half-wave voltage, defined to be the voltage required to vary the SHG power from its
maximum to its minimum, is the same as Eq. (2), where d Dl L δ= × , and Dδ is the deviation of the domain duty
cycle from the 50% value. For example, a 56% or 44% domain duty cycle PPLN has a Dδ equal to 6%. Compared
to the previous two amplitude modulators, this device has the advantage of the ease of linear modulation with
temperature control. For the previous two devices, temperature may detune 2 ,1I ω , 2 ,1I ω , and change φ∆ at the
same time; whereas, for the asymmetric-duty cycle device, temperature only detunes the sinc function in Eq. (3).
Figure 3 shows the amplitude modulation of this device with a 200-Hz, 600-volt sinusoidal voltage when the
modulation point is temperature tuned to be (a) at the half value of the peak SHG power, and (b) at the peak SHG
power. The modulation depth in Fig. 3.a is about 85% and the SHG output in Fig. 3.b has a frequency of 400 Hz.
(a) (b)
Fig. 3. SHG amplitude modulation with a 200-Hz, 600-volt sinusoidal voltage when the modulation point is (a) at the half value
of the maximum SHG power, and (b) at the maximum value of the SHG power.
4. Conclusions
We have experimentally demonstrated three novel wavelength converters with built-in amplitude modulators. The
three-segment devices showed a half-wave voltage of )cm(/)m(volt1.1 dld µ× , which should permit low-voltage,
high-speed amplitude modulation in a QPM waveguide frequency converter. The folding-crystal configuration in
Fig. 1.b has the advantage of high conversion efficiency in a small-size nonlinear crystal by using electro-optic
phase compensation. The asymmetry-duty-cycle QPM amplitude modulator has the advantage of ease of linear
modulation by temperature adjustment.
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